Calculations on [Ag(NHCHNH)] 2 and [Ag(dmtp)(NO 3 )] 2 complexes have been performed at RHF, DFT (B3LYP), and MP2 levels. Geometry optimizations have been performed on both compounds comparing the result obtained with the different levels of theory and basis set against the available experimental X-ray data. The existence of M‚‚‚M interaction at the different levels has been studied on both complexes using the Bader "Atoms in molecules" methodology.
Introduction
Metal-Metal interactions are still ambiguous in polynuclear silver(I) compounds. In disilver(I) complexes containing an eight-membered Ag-N-C-N-Ag-N-C-N ring, silversilver distances between 2.655 and 3.187 Å have been found, [1] [2] [3] [4] [5] [6] [7] a few of these values being lower than twice the metallic silver radius (2.889 Å). Analogous rings are also known for Cu(I) 4, 5, 8 and Au(I). 6 The possibility of silver-silver bonding in these compounds has been discussed in these references, concluding that the short distance between silver atoms does not necessarily mean that a bond is formed. Cotton et al., 4 in a paper on molecular orbital calculations of the complex Ag 2 (form) 2 (with form ) N,N′-dip-tolylformamidinato) using the SCF-XR-SW method, conclude that no significant amount of net Ag-Ag bonding emerges. Furthermore similar calculations made on a Cu(I) dimer with a short copper-copper distance conclude that the interaction is repulsive. 4, 9 However, studies carried out by Perrault et al. 10 of the complex Ag 2 (dmpm) 2 Br 2 (dmpm ) bis(dimethylphosphine)) and other related complexes with Ag-Ag distances in the range 3.04-3.60 Å, show that intense Raman scatterings appear associated with the metal-metal stretching. Likewise, it is important that there are metal complexes such as [Ag(NH 3 ) 2 ] 2 -SO 4 11 or Ag(2-hydroxypyrimidinato)‚2H 2 O, 12 with silver atoms linearly coordinated and without supporting bridging ligands, in which distances Ag-Ag (3.200 and 3.302 Å, respectively) are shorter than twice the van der Waals radius (3.44 Å), 13 this interaction playing a substantial role in the crystal packing.
Very recently studies on closed-shell interactions between heavy metals have been reported on Au(I) complexes, [14] [15] [16] [17] [18] in which the importance of including the relativistic effect in the calculation is pointed out. Also a general review on such interaction is available. 19 A study of d 10 -d 10 closed-shell interaction in rings, including eight-member rings, and metals such as Au I , Ag I , and Cu I will also be available. 20 Our group is involved in a project that studies binuclear complexes of transition metals with biological interest; on this subject we have presented results in model 21 and triazolopyrimidine binuclear complexes. 22, 23 In a recent study of [Ag(dmtp)(NO 3 )] 2 , where dmtp represents the ligand 5,7-dimethyl [1, 2, 4] triazolo [1,5-a] pyrimidine, 22 we presented a structural and RHF single-point calculation study in which we reached the conclusion that a direct interaction between the two metal centers has been found, on the basis of the properties of the charge density distribution derived from ab initio MO calculation of experimental geometry. Similar conclusions have been obtained for the model compound [Ag-(NHCHNH)] 2 after performing a geometry optimization at the RHF level. This work is a continuation of that paper in which we performed a comparison between RHF, MP2, and density functional studies using both all-electron and ECPs basis sets on the model compound [Ag(NHCHNH)] 2 , for which no metalmetal interactions have been proposed by Cotton. 4 This comparison has been limited to RHF and DFT in the complex [Ag(dmtp)(NO 3 )] 2 in order to study the theoretical description of these compounds including the possible Ag-Ag interaction.
Computational Methods
Ab initio MO calculations for the model compound [Ag-(NHCHNH)] 2 have been performed through the GAUSSIAN-94 series of programs 24 using restricted Hartree-Fock (RHF), MP2(full), and density functional theory 25 on a SGI Power Challenger machine. Among the characteristics of this code for DFT methodology are the use of Gaussian basis functions, the avoidance of auxiliary functions, the implementation of large grids, and the availability of analytical first and second derivatives. 26, 27 In hybrid methods the exchange-correlation energy (E XC ) is represented by the following general equation:
where E X UEG is the density functional for the exchange energy of the uniform electron gas, 28 E C UEG is the corresponding correlation contribution, 29 E X HF is the Hartree-Fock exchange, and the ∆E terms are the gradient correction contributions to exchange and correlation.
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A hybrid method is further qualified as self-consistent when gradient correction and RHF exchange are not simply computed using a converged LSD wave function (or, more traditionally, LSD and gradient correct contributions added to a converged RHF wave function), but the SCF process is performed with the complete density functional. The B3LYP variant is obtained using the Becke gradient correction to exchange 30 and the LeeYang-Parr (LYP) correlation functional. 31 Since the LYP functional contains both a local part and a gradient correction, only the latter contribution should be used to obtain a coherent implementation. It is, however, expedient to use the approximation A number of tests showed that values of the three semiempirical coefficients, appearing in eq 1, near 0.80 provide the best results, irrespective of the particular form of the different functionals. The values (a 0 ) 0.80, a X ) 0.72, a C ) 0.81) determined by Becke from a best fitting of the heats of formation of a standard set of molecules 32 have been used. D 2h symmetry restricted geometry optimizations were carried out for [Ag(NHCHNH)] 2 , and geometry optimizations were performed taking the complete structure of [Ag(dmtp)(NO 3 )] 2 with the original C i symmetry. STO-3G*, 33 LANL2DZ, 34 and Basis2 (means 3-21G 35 on Ag and 6-31G* for C, N, H) basis sets have been used through the calculation. The LANL2DZ basis set uses D95 36 on the first row and Hay and Wadt's largecore quasirelavistic effective core potential (LANL2) 37 basis set on the Ag atom. 4 from an analysis of the corresponding molecular orbitals, they concluded that no significant amount of net Ag-Ag bonding emerges. In a previous research on that complex 22 we proposed that a significant metal-metal interaction emerges from the topological analysis of the charge density studied from the RHF/STO-3G* and LANL2DZ wave functions. In this work a comparison of calculations at the RHF, MP2, and DFT levels with STO-3G*, Basis2, and LANL2DZ is presented. Full geometry optimization of [Ag(NHCHNH)] 2 keeping D 2h symmetry is performed at the different levels. The results are shown in 20 at RHF and MP2 levels using the Stuttgart pseudopotential and one or two f polarization functions on Ag atoms. From Table  1 the following conclusions can been extracted.
The STO-3G* basis set is not accurate at the different levels performed, giving geometries with Ag-Ag and Ag-N distances very short and the corresponding C-N too large in comparison with the experimental ones. The use of a split valence basis set Basis2 or a full double-zeta LANL2DZ improves notably the geometry at the RHF level, but giving Ag-Ag distance still too large.
These two last basis sets Basis2 and LANL2DZ with hybrid functional B3LYP give comparable geometrical parameters. However the best results are shown at the B3LYP/LANL2DZ level, which are very close to the experiment. From the above consideration we can point out the importance of using the ECPs basis set corrected for relativistic effects together with hybrid density functional theory in the theoretical study of transition metal complexes. However, the use of Basis2 together with a hybrid functional gives also very good results (see Table 1 ). To test the validity of the results obtained from DFT, MP2 (full) calculations with the different basis sets used have been performed and also comparisons have been done with theoretical (RHF and MP2) from Pyykkö et al. 20 (see Table 1 ).
The results obtained from MP2 are in general agreement with the B3LYP with the basis sets used and with the experimental results. The agreement between our theoretical results is very good for N-Ag-N and N-C-N angles and Ag-N distance. The main difference came from the Ag-Ag distance. Our data are also in agreement with the RHF and MP2 results from ref 20.
In general it is necessary to point out the importance of the good theoretical description of the ligand and the usefulness to include polarization functions.
Taking into account that the STO-3G* calculations show a very poor geometry, the following discussion about the metalmetal interaction is performed with the Basis2 and LANL2DZ basis sets at the RHF, DFT, and MP2 levels.
The topology of the electronic charge density, F(r), as pointed out by Bader, 38 is a faithful mapping of the chemical concepts of atoms, bonds, and structure. The principal topological properties are summarized in terms of its critical points (CPs). 38, 39 The nuclear positions behave topologically as local maxima in F(r). A bond critical point (BCP) is found between every pair of nuclei, linked by a chemical bond, with two curvatures negative and one positive. The ring critical points (RCPs) are characterized by a single negative curvature.
Each (3,-1) CP generates a pair of gradient paths 38 which originate at CP and terminate at neighboring attractors; this gradient path defines a line through the charge distribution linking the neighboring nuclei along which F(r) is a maximum with respect to any neighboring line. Such a line is referred to as an atomic interaction line. 38, 39 The presence of an atomic interaction line in such an equilibrium geometry satisfies both the necessary and sufficient condition that the atoms be bonded together. The Laplacian of F(r), ∇ 2 F(r), determines two extreme situations, where F is locally concentrated (∇ 2 F(r) < 0) at a BCP unambiguously related to a covalent bond, showing that a sharing of charge has taken place. However, in a closed-shell interaction a value of ∇ 2 F(r) > 0 is expected, such as found in noble gas repulsive states, in ionic bonds, in hydrogen bonds, etc. 
Furthermore, Bader defined a local electronic energy density, E d (r), as a functional of the first-order density matrix where G(r) and V(r) correspond to a local kinetic and potential energy density, respectively. 38 The sign of E d (r) determines whether accumulation of charge at a given point r is stabilizing (E d (r) < 0) or destabilizing (E d (r) > 0). Thus, a value of E d (r) < 0 at a BCP shows a significant covalent contribution and, therefore, a lowering of the potential energy associated with the concentration of charge between the nuclei. Also, very recently, Grimme 40 has found for some saturated and unsaturated hydrocarbons a linear correlation between the bond energies, the local electronic energy density E d (r) and F(r) at the position of the BCP.
Calculations of the CP on the charge density have been performed by the Extreme program 41 from the corresponding wave function.
The numerical results have been summarized in Table 2 , in which the charge density F, the Laplacian of the charge density ∇ 2 F(r), the corresponding curvatures, and the ellipticity for the BCPs at different levels are shown. Figure 1 shows the contour map of the electron charge density, F(r) (a), and its Laplacian (b) for the [Ag(NHCHNH)] 2 eight-membered plane. As shown in Figure 1 , the charge density shows local maxima only at the position of the nuclei. (3,-1) BCPs exist between the two Ag atoms and between the Ag and each of its nitrogenbonded atoms, and BCPs can be found between C-N, C-H, and N-H atoms. Two RCPs are also found on the plane marked as stars in the figure. The contour representations of F(r) for the different levels are completely equivalent, and only the representation for B3LYP/Basis2 is shown. Figure 1b shows the contour of the Laplacian of the charge density in the same plane; the thin lines denote positive Laplacian values, and the thick ones denote negative Laplacian values. As can be seen in Figure 1b , a region of negative Laplacian values can be located through the ligand denoting a covalent region (shared interaction). The region between the two Ag atoms and that between the Ag and all of its nitrogen-bonded atoms are of positive Laplacian regions showing closed-shell interactions. As shown in Table 2 for the different levels of calculation, a BCP between the two Ag atoms can be found, giving a value of the density charge between 0.02 and 0. Ag-Ag CPs is also very small, showing a radial symmetry distribution of the F(r) along the Ag-Ag axes. However the of the Ag-N CP is larger, showing some π bonding character. Two symmetrically equivalent RCPs have been found for the two Ag-N-C-N-Ag rings, showing very small F(r) and ∇ 2 F(r) on those points (see Table 2 ). The existence of the different mentioned CPs and, more specifically, the BCP and zero flux surface in the gradient vector of the charge density, which separates the basis of the two Ag atoms, is indicative of metal-metal bonding, taking into account that all topological analyses have been performed on a minimum of the potential energy surface.
From the above-mentioned topological analysis, it is clear that a metal-metal interaction should exist between the two Ag atoms, and studying the local energy density E d (r) at the BCP can show whether the accumulation of the charge at this point is stabilizing (E d (r) < 0) or destabilizing (E d (r) > 0); Table  2 shows the local energy density for different BCPs at different levels of calculation.
The values of the local energy density E d (r) at the Ag-Ag bond is negative and comparable to those of Ag-N bonds (see Table 2 ). However, the values expected for C-N BCPs are negative and large in comparison with the Ag-Ag and Ag-N BCPs, showing the covalent nature of the bond. The negative values of the energy density for the Ag-Ag and Ag-N BCPs show the stabilizing nature of the interaction and the small covalent character of these bonds.
Calculation on [Ag(dmtp)(NO 3 )] 2 .
Theoretical studies on [Ag(dmtp)(NO 3 )] 2 have also been performed with a special focus on Ag-Ag interaction. For this complex experimental crystallographic geometry is available from a previous paper, 22 in which a single-point calculation on the experimental geometry was performed. In the current work, full geometry optimization of the complex is presented starting from the experimental geometry and keeping the C i symmetry, at the RHF/3-21G, RHF/LANL2DZ, and B3LYP/3-21G levels of theory; we are not able to use larger levels of theory due to the size of the system.
In Figure 2 the Pluto structure of the optimized complex at the B3LYP/3-21G is shown. The numerical results are presented in Table 3 , in which the main geometry parameters are shown in comparison with the experimental ones.
From Table 3 we can point out that both basis sets give good structures. The Ag-Ag distances are well predicted; however, the 3-21G structure gives significant deviation for the same parameters. For example, the Ag-N 4 distance is predicted too large and the Ag-O 1 and Ag-O 2 ones too short. There are also substantial deviations in the description of the bond angles.
The LANL2DZ basis set corrects the above deficiency in the geometry description to a large degree, giving a geometry very close to the experiment. Nevertheless a small deviation still remains in the description of the Ag-Ag, Ag-N 3 , and Ag-N 4 distances. DFT calculation on [Ag(dmtp)(NO 3 )] 2 has been performed at the B3LYP/3-21G level. Attempts to do optimization at the B3LYP/LANL2DZ have always given different grid problems. However the result obtained at the B3LYP/3-21G level is the one that gives the better average geometry compared with X-ray data. All the above results show the importance of including electron correlation and relativistic effects in the study of the heavy metal complexes.
The experimental Ag-Ag distance for the [Ag(dmtp)(NO 3 )] 2 complex is 3.058 Å, smaller than twice the van der Waals radius (3.44 Å), so metal-metal interaction should play an important role in the geometry description of the complex. We are going to study the Ag-Ag interaction using the topological analysis of the charge density following the Bader methodology. Table  4 shows numerical results for selected CPs of [Ag(dmtp)(NO 3 )] 2 at the different levels studied, in which the values of F, ∇ 2 F(r), curvatures, and for the different CPs are presented. Figure 3 shows the contour of F(r) in the eight-membered ring molecular plane (a) and the contour of shows a small but positive ∇ 2 F(r), indicating closed-shell interaction. The numerical values of F(r) in the Ag-Ag BCP is between one-third and one-fourth the value of the Ag-N BCP (see Table 4 The values of the local energy density E d (r) at the Ag-Ag bond are negative and comparable to those of Ag-N bonds (see Table 4 ). However, the values of the C-N BCP are negative and large in comparison with the Ag-Ag and Ag-N BCPs, showing the covalent nature of the bond. The negative values of the energy density for the Ag-Ag and Ag-N BCPs show the stabilizing nature of the interaction and small covalent character of these bonds.
Conclusion
From the calculation presented in this paper, we can conclude that the use of the hybrid RHF, DFT methodology could be suitable for geometry optimization on the study of binuclear transition metal complexes using at least a split valence basis set or a quasirelativistic corrected pseudopotential basis set. These results are also in general agreement with the MP2 calculations. This shows the importance of taking into account the correlation and relativistic effect in the theoretical description of these systems. It is also necessary to point out the importance of including polarization functions in the description of the ligands. 
